In this study, we report a laser interferometry experiment for the online-diagnosing of a laserproduced plasma. The laser pulses generating the plasma are ultra-fast (30 femtoseconds), ultraintense (tens of Terawatt) and are focused on a helium gas jet to generate relativistic electron beams via the laser wakefield acceleration (LWFA) mechanism. A probe laser beam (λ=800 nm) which is split-off the main beam is used to cross the plasma at the time of arrival of the main pulse, allowing online plasma density diagnostics. The interferometer setup is based on the NoMarski method in which we used a Fresnel bi-prism where the probe beam interferes with itself after crossing the plasma medium. A high-dynamic range CCD camera is used to record the interference patterns. Based upon the Abel inversion technique, we obtained a 3D density distribution of the plasma density.
Introduction
A high power laser pulse can generate plasma via the multiphoton ionization mechanism. Meanwhile the plasma can be used as the acceleration medium in the so-called 'laser wakefield acceleration scheme'. In the past several decades, tremendous progress in this field has been made. When a high intensity laser pulse penetrates the plasma, it creates a plasma oscillation in its wake. This oscillation is electrostatic in nature and is strong enough (100 GV m −1 ) to accelerate the electrons inside the plasma to a relativistic energy in a few picoseconds. This is the basic image of laser-plasma acceleration. Not only electrons, protons can also be accelerated by the wakefield acceleration mechanism provided that they are injected in phase with the plasma wave which has a relativistic phase velocity. Meanwhile, when a laser pulse propagates through the plasma, ultraviolet and x-rays and magnetic fields are also produced via different mechanisms during the laser-plasma propagation. Plasma diagnostics is very important in any laser-plasma interaction process. For example, when we study the process of laser propagation and electron acceleration, it is necessary to know the plasma density [1] (electron energy is inversely proportional to the plasma density). This quantity helps us understand the electron acceleration phenomenon. Thus the plasma diagnostics can guide us in generating electron beams more efficiently and more effectively [2] . This may help us enhance the stability of the laser-plasma. In the experiment reported here, we use the laser interferometry as the plasma diagnostic method. We built an interferometry system which is based on a probe beam that we generated in the experiment. We record the interference patterns and measure the phase shift due to the plasma medium and calculate the density from the phase distribution. Since it can be assumed that our laser-produced plasma channel has almost an axial symmetry, we used the Abel inversion to calculate the 3D density distribution. By analyzing the phase shift that is recorded on the charge coupled device (CCD) camera and through calculation of the plasma, the density of the channel could be reconstructed. In the next part of this paper and as a motivation section, we will introduce our recent results from the laser-plasma acceleration at Shanghai Jiao Tong University (SJTU); detailed laser parameters that we used in the experiment will be given. Then in the third part, we will introduce the interferometry experimental set up to obtain the fringe patterns. In the fourth part of the paper, a detailed density calculation process is obtained; we use the 2D fast Fourier transformation technique to analyze the fringe patterns. We introduce the Abel inversion method which we used to calculate the plasma density from the phase shift. At the end of the paper, we present the density profile and discuss the results.
The laser-plasma accelerator at SJTU
Although the main subject of this paper is plasma diagnostics, here we give a brief introduction to our plasma-based accelerator [2, 3] for which the plasma density diagnostics is of crucial importance. Recently, we conducted laser-plasma acceleration research at SJTU using 30 TW laser pulses. The laser system delivers 30 fs and 10 Hz multi-joule pulses (up to 6 J, corresponding to 200 TW). As we mentioned above, our laser-plasma accelerator is based on the laser wakefield acceleration (LWFA) mechanism [4] . A 200 cm focal length off-axis parabolic mirror (OAP) is used to focus the laser on a pulsed gas jet target inside the target vacuum chamber. The laser pulse and the gas jet are synchronized by using a TTL (transistor-transistor-logic) pulse from the laser control unit. The TTL triggers the gas jet about 4.5 ms before the arrival of the laser pulse; for more detailed information we refer to [2] . The laser focal spot (FWHM) was measured to be 28 μm, giving a Rayleigh length Z r of ≈3.1 mm. Thus, the peak focused laser intensity and the corresponding normalized vector potential, a 0 , were approximately 2.0×10 18 W cm −2 and 1.0, respectively. We use a helium gas-jet target, which is a 4-mm-long slit-shaped supersonic nozzle having a Mach number of 5. The stagnation pressure of the gas jet is varied from 2.9 atm-12.1 atm.
In our experiments, we generate electron beams and record their energy spectra using a dipole magnet and fluorescent screens coupled with CCDs. The electron beam energy and the energy-spread are mainly determined by the laser parameters (such as energy, focal spot size, pulse duration, pulse contrast) and the plasma density. Thus controlling those parameters leads to generation of high-quality and stable electron beams. This is the main motivation for us to conduct the online plasma diagnostics. Plasma diagnostics can help us understand how plasma density influences the electron energy spectra; for example, figure 1 shows the energy spectra obtained in two different laser shots. These two shots were conducted under different gas pressures (i.e. different plasma densities).
The electron peak energies in the spectra show a significant difference. In the electron beam energy spectrum shown in figure 1(a), up to 110 MeV electron beam with quasimonoenergtic features has been produced at 4.5 atm gas jet pressure. While in figure 1(b), 58 MeV electron beam is produced at 5 atm gas jet pressure. The electron beam spatial profile on the DRZ fluorescent screen and recorded by the CCD is shown in figure 2 ; the divergence angle (FWHM) of the electron beam is 3 mrad.
Plasma diagnostic experimental setup
In the experiment, the plasma state is generated by the foot of the 30 TW main laser with a pulse duration of 30 fs. The probe beam that is used for probing the plasma is a split-off from the main beam. Figure 3 shows the experimental setup, which can be described as follows:
The 30 TW beam is focused using an off-axis parabolic mirror (OAP), the focus position is above a supersonic helium gas jet. Then the main pulse interacts with the helium gas and generates a plasma channel. At the same time, the probe beam traverses the plasma in the perpendicular direction. Because of the changes of the refractivity in the plasma region, the phase of the probe beam is also changed. Then the distorted probe beam passes through an achromatic lens L1 (f=200 mm). The probe beam then goes through a Fresnel bi-prism and generates an interference fringe pattern. Then the probe beam passes through another achromatic lens L2 ( f=75 mm) and is reflected by a mirror. After the probe beam goes through a band pass filter, these fringe patterns are recorded by a 16-bit charge-coupled device (CCD) and stored as digital arrays. The resolution of the CCD is 1024 pixels×256 pixels (4 mm×1 mm). By adjusting the optical path differences between the main and the probe beams, we can diagnose the plasma medium at different times during the laser propagation. In the experiment, a 1 mm optical path difference corresponds to 3.3 ps measurement interval.
The gas target we used in the experiment is a helium gas jet and the gas backing pressure is varied from 1 atm to 6 atm. The diagnostics experimental setup described above can also provide information about the laser propagation and the plasma formation; by removing the bi-prism from the beam path we can obtain a shadowgraph image of the plasma. This is shown in figure 4 , where we can see the plasma (at 10 ps after the laser has entered the gas medium) formed by the 30 TW laser pulse. It also shows a pre-plasma formed by a laser pre-pulse (the prepulse is located at about 10 ps before the main pulse) which is typically generated in such chirped pulse amplification (CPA) laser systems. Such shadowgraph images are useful in understanding how the laser pulse propagates and the effects of prepulses (if any), and the life time of the plasma etc. Figure 4 shows one shadowgraph that we obtained in the experiment.
Analysis of fringe pattern and density calculation
When dealing with an interference fringe pattern, the core issue is to obtain the real phase distribution from the fringe pattern. To achieve this goal, the 2D Fast Fourier Transformation (FFT), a widely used method, is used to solve this Figure 3 . Experiment setup of interferometry for density measurement. The whole system is based on the 30 TW Ti-sapphire laser pulse. Achromatic lens (L1) is installed in the chamber after the gas jet. Other devices including lens L2, biprism, Ag-mirror, BPF3 (band-pass filter), and Newton CCD are all built outside the vacuum chamber. Figure 4 . Shadowgraph of the laser-produced plasma, the size of the picture is 4 mm×1 mm. Front of the laser pulse, pre-plasma and the main plasma are displayed in the figure at 10 ps time after the laser has entered the gas jet. Original fringe patterns showing the fringe shift due to the laser-produced plasma (laser propagates from right to left) recorded by CCD, the original size of the image is 1024 pixels×256 pixels; this image is clipped into 512 pixels×256 pixels (1 pixel corresponds to 10.57 μm). A high-pass filter is also applied to enhance the image contrast. problem. In interferometry, the intensity of the image [5, 6] can be expressed by equation (1):
, is the contrast function, and ( ) j x y , is the phase shift between two waves. Previous studies show that if we use a spatial carrier frequency in the x-direction, equation (1) can be written in a complex form: 
If we can eliminate all terms in the right side of equation (4) except¯( ) n n -c , 0 then we can apply an ARCTAN function on it to obtain the phase shift because,
To achieve this goal, a filter is applied in the Fourier space to eliminate the unnecessary frequencies. By translating the carrier frequency into the origin, the v 0 is also eliminated. Then the phase shift distribution can be calculated. After subtraction of the background phase distribution, the phase shift distribution can be obtained. Figure 5 shows the original fringe pattern at the time 10 ps (picoseconds) of the laser propagation through the plasma. The laser beam propagates from the right to the left. Figure 6 shows the phase distribution after applying the 2D Fast Fourier Transformation (FFT) technique.
Because of the limit of the ARCTAN function, the phase distribution we obtained is not the real phase distribution. There still remains a phase discontinuity problem [7, 8] . This is due to the range of arctangent function being only ( ) p p -, . In order to resolve this phase discontinuity problem, Ta-Moon Jeong et al [7] introduced an unwrapping method involved with a Matlab procedure. When using the Matlab built-in function UNWRAP to do the line-by-line unwrap process, firstly, we choose a row of phase data in the image that is far away from the laser-plasma channel and assume this row of phase is real and varies smoothly; then starting from that row to apply the algorithm in the vertical direction. When the vertical process is completed, we chose a column that is far away from the channel and assume the phase in this column varies smoothly and apply the unwrap algorithm again. Figure 7 shows one result after the unwrapping process.
Because of the cylindrical symmetry of the plasma channel, we use the Abel inversion to calculate the density of the channel according to [9] . When the density of the plasma is much lower than the critical density, we can use the following equation to express the density of the plasma:
n c is the critical density, l is the wavelength of the probe laser beam and R is the radius of the plasma channel. We define the edge of the phase shift as the edge of the plasma channel. The coordinates that we defined in the experiment are shown in figure 8 .
In our case, the wavelength of the probe beam is 800 nm and the critical density is 1.7×10 21 cm −3 , and the approximation range of the plasma density of our gas jet is between 10 18 to 10 19 cm −3 . This is much lower than the critical density. So equation (6) is suitable to calculate the plasma density. Because the calculation is based upon the real distance, we need to switch the coordinate that is based on the real distance to the pixel coordinate. So we transform equation (6) Figure 9 . Plasma density distribution map calculated by the Abel inversion. (a) Plasma channel's density contour map. The laser has propagated for about 4 mm in the plasma which corresponds to about 13.3 ps. (b) Plasma density versus the stagnation gas pressure for helium that mixed with 1% nitrogen. Black points are the density and the red line is the fit curve.
a is the actual size of one pixel. In our case a=10.57 μm. When this step is completed, we can obtain the plasma density distribution. The detailed information of the algorithm to realize this Abel inversion is listed in the reference [10, 11] . Figure 9 (a) shows a density contour map. Figure 9 (b) is the linear fitting for electron density versus the stagnation gas pressure, this figure is generated from the helium gas that mixed with 1% nitrogen, and we can see from the figure 9(b) that plasma density shows a highly linear dependence on gas pressure. In figure 9(a) , we can see clearly that there are two peaks in the plasma density distribution map. Since the gas flow that is squirted by the gas jet is not uniform, the gas near the edge of the nozzle appears denser than the gas flow in the center of the nozzle. This leads to the two peaks in the density map with a maximum plasma around 7×10 18 cm −3
.
Conclusions
In this paper, we provide a whole set of processes to achieve the online diagnostics of laser-produced plasma by using laser interferometry. In the experiment, the width of a pixel size on the CCD camera is about 10.57 μm. By considering the minimal phase shift which is close to 8 pixels, we calculate the error of the density calculation to be approximately about ±1.5×10 18 cm −3
. After the calculation, the density we obtained is ranged from 3×10 18 cm −3 to 15×10 18 cm −3 . Compared with the error level, the result is acceptable, especially for the higher densities. So, when dealing with the plasma diagnostics in laser-plasmas, laser interferometry is a reasonably accurate and reliable diagnostic technique.
